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Effect of sulfate on calcium and magnesium homeostasis following
urinary diversion. The present investigation was undertaken to eluci-
date the mechanisms of renal calcium and magnesium wastage in
patients with urinary diversion through intestinal segments. Patients
with urinary intestinal diversions demonstrated a hyperchloremic met-
abolic acidosis, increased serum sulfate and phosphate, and increased
urinary excretion of calcium, phosphate, sulfate, and magnesium. A
study was conducted in rats utilizing oral or intravenous loads of
various solutes to investigate the possible mechanisms of these findings
in patients, Ammonium enhances renal sulfate excretion and intestinal
sulfate absorption. Increased filtered loads of sulfate inhibit renal tubule
sodium and calcium reabsorption. Dietary ammonium and sulfate result
in increased serum phosphorous concentrations. Ammonium appears to
directly inhibit renal magnesium reabsorption. Renal tubule dysfunction
resulting from relieved obstruction appears to enhance the inhibitory
effect of sulfate on renal sodium and calcium reabsorption but does not
alter the effect of ammonium on renal magnesium excretion. Taken
together, these findings suggest that patients with hyperchloremic
metabolic acidosis from the chronic reabsorption of ammonium chlo-
ride by intestinal urinary diversions may also reabsorb urinary sulfate.
This load of ammonium and sulfate inhibits renal calcium and magne-
sium reabsorption.
Urinary diversion through intestinal segments is associated
with significant metabolic and electrolyte abnormalities which
often affect homeostasis in subtle ways. On occasion, severe
systemic derangements occur, Hyperchloremic metabolic aci-
dosis, hypokalemia, uremia, hypersulfatemia, hyperammonium-
emia, hypomagnesemia, osteomalacia and growth retardation
have all been described [1—4]. Many of these abnormalities are
interrelated. This is illustrated by alterations which occur in
calcium metabolism and bone mineralization. Osteomalacia has
been reported in a number of patients with urinary intestinal
diversion and is usually associated with a severe systemic
acidosis. The symptoms of osteomalacia can be allayed and the
bones remineralized in some by correction of the acidosis with
bicarbonate [5]. However, others require supplemental calcium
and vitamin D before the defects will correct [6].
More subtle alterations in calcium metabolism and bone
mineralization may occur without the development of the
clinical symptom complex of osteomalacia or a severe systemic
acidosis. This is suggested by the finding that significant loss of
bony calcium occurs in the absence of systemic acidosis in
animal models of urinary enteric diversion [7, 8]. These findings
suggest there may be causes of calcium loss and demineraliza-
tion other than the acidosis [8]. Since the intestine, which is
used as a conduit or reservoir, continues to function as an organ
of transport, urinary solute reabsorption is the rule [9]. With
normal renal function, the kidney is able to adapt considerably
to the added solute load, although when large amounts of
intestine are used to construct a urinary reservoir, even normal
renal function may not be sufficient to fully compensate for the
additional solute load [10]. Additionally, renal function in
patients who have urinary diversions is rarely entirely normal,
as ascending infection and chronic partial or intermittent ob-
struction frequently accompany intestinal urinary diversion.
These insults result in altered renal function, particularly in the
distal nephron. The role this altered renal function plays in the
development of the metabolic abnormalities, specifically the
abnormalities in calcium and magnesium metabolism and bony
demineralization, have not been defined.
This study was undertaken to elucidate whether urinary
solutes reabsorbed by the intestine are responsible for the
altered calcium and magnesium metabolism and, if so, which
ones play a dominant role. In addition, the role of renal tubule
dysfunction due to obstruction in these abnormalities was
investigated. Serum solute concentrations were analyzed in
patients with ileal and colon urinary diversions, allowing for a
qualitative description of systemic serum derangements. Uri-
nary excretions confirmed abnormal mineral metabolism. By
feeding solutes individually and in selected combinations to rats
with normal renal function and rats with renal dysfunction
secondary to relieved ureteral obstruction, the solute loads
which occur in urinary intestinal diversion could be simulated in
a controlled manner to determine the effects of each solute and
identify which solutes played an important role. The solutes
were also given intravenously to further dissect the effects of
various solutes on gut absorption from those of systemic loads
to the kidney. This permitted the identification of those solutes
which altered calcium and magnesium homeostasis and the
mechanisms causing these abnormalities.
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Twenty-eight patients (12 with ileal diversions, 8 with colon
diversions and 8 with normal collecting systems) were studied.
All of the ileal diversion patients had cutaneous conduits. Of the
eight patients with colon diversions, six had continent cecal
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bladders and two had cutaneous conduit diversions. Ages
ranged from 14 to 75 years (mean age 51 years) in patients with
urinary diversions and 27 to 70 years (mean age 45 years) in the
controls. A blood sample was withdrawn for determination of
baseline sodium, potassium, chloride, total C02, calcium, mag-
nesium, phosphorus, urea and creatinine by the hospital labo-
ratory. An intravenous infusion was begun and a bolus of 50 mgI
kg body wt inulin (American Critical Care, McGaw Park,
Illinois, USA) and 10 mg/kg body wt para-amino hippurate
(PAH) (Merck, Sharp and Dohme, West Point, Pennsylvania,
USA) was given. This was followed by an infusion of 25 mg/kg/
hr of inulin and 6 mg/kg/hr of PAH. A diuresis was established
by infusing 500 ml normal saline over 30 minutes prior to a
maintenance infusion of normal saline at 100 mI/hr. A minimum
equilibration period of one hour was allowed and a one hour
collection was obtained when the urine output exceeded 400 ml/
hr. This amount of diuresis has been shown to be necessary in
order to minimize intestinal solute reabsorption so that accurate
clearances and excretion rates can be determined [11]. At the
midpoint of the urine collection, a blood sample was with-
drawn. The urine and serum were analyzed for inulin by the
anthrone reaction [12], PAH by the Bratton-Marshall reaction
[13], sulfate by the benzidine reaction [14], calcium and mag-
nesium by the American Monitor 60-second test (American
Monitor Corp., Indianapolis, Indiana, USA) and phosphorus by
the molybdic acid reaction [15].
In the second phase of this study, two hundred twenty-one
Wistar rats were divided into two basic groups: control and
post-obstructed. Control rats had a right nephrectomy. Post-
obstructed animals had the left ureter ligated, followed 10 days
later by reimplantation into the bladder using 8-0 collagen under
microscopic guidance and followed one month later by a right
nephrectomy. Both groups were further subdivided into those
who were placed chronically on various solute diets and those
given the same solutes acutely intravenously. Those on diets
were fed either: 1) no additives in their drinking water; 2) 40
mM/liter ammonium chloride; 3)100 mM/liter disodium sulfate;
4) 40 mM/liter ammonium chloride + 100 mM/liter disodium
sulfate; 5)100 mM/liter sodium dihydrogen phosphate; 6) 40
mM/liter ammonium chloride + 100 mM/titer sodium dihydrogen
phosphate; 7)100 mM/liter disodium monohydrogen phosphate;
or 8) 40 mM/liter ammonium chloride + 100 mM/liter disodium
monohydrogen phosphate. Post-obstructed and control animals
were pair-fed, that is, they received the same diets on the same
day. All rats consumed between 70 and 90 mI/day, which
resulted in similar sodium and other solute loads to the animals.
They were maintained on the diets for three months, at which
time clearance measurements were obtained. At the time of the
clearance measurements there were no significant differences in
weight among the post-obstructed or control animals.
The clearances were performed by anesthetizing the animals
with pentobarbital sodium (3 mg/kg body wt, intraperitoneally),
placing them on a thermal regulated table and cannulating the
ureter, the jugular vein and the carotid artery. A bolus of 1.0 ml/
100 g body wt of a solution of 5% mutest (Laveosan-Gesells-
chaft, Linz, Austria) and 0.5% PAH in 0.9% saline was given
and followed by a continuous infusion of this same solution at
15 j.d/min/lOO g body wt via the jugular vein. Following a
45-minute equilibration period, a one-hour urine collection
under oil was obtained. A blood sample was withdrawn from
the carotid artery at the midpoint of the urine collection. Urine
and blood were analyzed for sodium and potassium by flame
photometry (Instrumentation Laboratories, Inc., Lexington,
Massachusetts, USA), chloride by amperometric titration
(Haake-Buckler Instruments, Inc., Saddle Brook, New Jersey,
USA), total CO2 by an automated analyzer (Corning Medical
and Scientific, Midfield, Massachusetts, USA), urea by the
diacetylmonoxime thiosemicarbazide reaction (Stanbio), creat-
mine by the Jaffee reaction [16], osmolality by freezing point
depression (Precision Instruments, Waltham, Massachusetts,
USA) and magnesium, total calcium, phosphorus and sulfate by
the methods described above. Ionized calcium was determined
by a calcium sensitive electrode (Corning Medical and Scien-
tific). There were 55 control rats and 51 post-obstructed rats
studied in the dietary experiments.
A second group of clearances was performed in control (N =
52) and post-obstructed animals (N = 47) who had no solutes
added to their drinking water but were given these solutes
intravenously, after the 0.9% saline infusion. The rats were
prepared for the clearances as above, and an initial clearance
was performed using the inulin/PAH saline solution described
above. After the one-hour urine collection was obtained, the
same concentrations of solutes that were used in the dietary
experiments were substituted for the saline in the inulin/PAH
solution, and this inulin/PAH solute solution infused at 15 pJ/
min/l00 g body wt. A second clearance experiment was con-
ducted after a 45-minute equilibration period. This resulted in
similar sodium loads among the groups (monosodium solutes
are equivalent between groups as are the disodium solutes).
Sixteen other rats (6 controls and 10 post-obstructed) were
given the inulin/PAH solution in dextrose 5% in water (D5W)
and a clearance obtained as described above. Following the
initial clearance, 100 mM/liter potassium sulfate was substituted
for the D5W in the inulin/PAH solution. After a 45-minute
equilibration period, a one-hour urine collection was obtained
similar to the first with a second serum sample withdrawn.
Blood and urine were analyzed as above.
Groups of data were compared using the unpaired Students'
f-test. The averages are expressed with their standard devia-
tion. Correlations were by the least squares regression method.
A level of 0.05 or less was considered significant.
Results
Diverted patients demonstrated a mild hyperchloremic met-
abolic acidosis. The serum determinations for diverted patients
compared to controls revealed a significantly elevated chloride,
phosphorus and sulfate and depressed total CO2 in the former.
When colon diverted patients were compared to controls, their
serum sodium, potassium and osmolality were slightly but
significantly elevated, whereas this was not true for patients
with ileal diversions. The colon group was significantly more
hyperchloremic than the ileal group (Table 1). Glomerular
filtration rates as determined by inulin clearances and effective
renal plasma flows as determined by PAH clearances were
similar among all groups. Excretion rates for calcium, sulfate
and phosphorus and fractional excretions for phosphorus and
sulfate were greater in the colon diverted patients than in
controls, indicating that under diuretic conditions, these ions
are cleared at increased rates. Absolute excretions for calcium
and sulfate were increased in the ileal diverted patients when
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Table 1. Serum concentrations, clearances and urine excretions for
patients with ileal and colon diversions compared to those with
norma1 collecting systems (avg. SD)
Control Ileum Colon
N=8 N=12 N=8
Serum
Na mEq/liter 137 5 141 3 143 2'
K mEq/liter 4.1 0.4 4.4 0.4 4.8 0.4a
Cl mEq/liter 98 3 107 5' 112 2"
CO2 mEq/liter 29 2 24 4b 22 2C
Ca mg/dI 8.6 0.5 8.4 0.6 8.3 0.4
Mg mEq/Iiter 1.4 0.4 1.4 0.4 1.5 0.2
PmM/liter 0.90 0.15 1.15 O.1l 1.42 017b
SO4 mM/liter 0.20 0.03 0.34 0.11" 0.33 0.08"
Urea mg/dl 12 5 19 16 16 7
Crmg/dl 1.3 0.2 1.5 0.5 1.5 0.4
Osm mOsm/kg 288 8 294 11 296 3
Albumin gIdi 4.1 0.4 3.8 0.5 3.9 0.4
Clearances
C1,, mI/mm/kg 1.16 0.24 1.17 0.47 1.41 0.49
CPAH mI/mm/kg 6.45 0.88 6.01 3.27 8.64 4.25
Excretion rates
Uc,V p.M/mm/kg 0.222 0.064 0.290 0.076" 0.318 0.081"
UMgV p.Eq/min/kg
UV p.M/mm/kg
0.385 0.213
0.132 0.053
0.217 0.134a
0.136 0.133
0.404 0.157
0.284 0.132"
U04V p.M/mm/kg 0.016 0.009 0.042 0023b 0.075 0055b
Fractional excretions
FE % 9.! 1.1 13.8 7.4 13.2 7.7
FEMg %
FE %
25.3 14.7
11.9 5.4
16.5 12.2
15.1 20.3
23.2 13.1
22.5 12.2a
FEB04 % 20.0 8.3 32.8 25.9 52.6 38.0"
Significant differences from controls are depicted by "P < 0.05, b p
< 0.01, P < 0.001; significant differences between colon and ileal
diversions are identified by d p < 0.05.
compared to controls (Table 1). These excretion rates were
determined during a diuresis in order to more accurately reflect
renal excretions by reducing the influence of gut absorption on
the solutes. Moreover, as has been shown previously, it is
necessary to establish a diuresis in order to accurately deter-
mine glomerular filtration rate in patients with intestinal diver-
sions [Ill, The abnormal excretions and serum concentrations
were not related to the length of time the patient had been
diverted for either those with ileal or colon diversions. The
length of time these patients had their diversions ranged from 1
to 26 years. This suggests that intestinal transport of solutes
continues even though, over the long term, histologic changes
may occur in the intestinal mucosa [17].
The dietary studies in the rats demonstrated a number of
significant alterations in serum electrolyte values (Table 2). The
serum values of each experimental group (control or post-
obstructed) were compared to the corresponding groups of rats
which received no dietary additives. Serum total CO2 was
consistently depressed (average reduction = 3.3 mM/liter) and
serum chloride was variably elevated in groups with ammonium
chloride in their diet. Serum sulfate was markedly elevated only
when sulfate was given in addition to ammonium chloride and
not when sulfate was administered alone. Serum sulfates tended
to be higher in the post-obstructed groups of animals, particu-
larly when sulfate was administered in the diet. Serum calcium
was depressed when sodium dihydrogen phosphate was given
in addition to ammonium chloride but not when either solute
was given alone. Serum phosphorus was elevated in the control
rats when ammonium chloride was given alone, with sodium
sulfate, or with sodium dihydrogen phosphate.
In the infusion experiments, infusions of ammonium chloride,
phosphate or sulfate had no significant effect on serum magne-
sium, calcium, sodium and potassium concentrations. Infusions
of sodium or potassium sulfate, however, did significantly
increase serum sulfate concentrations when compared to ani-
mals which received non-sulfate containing infusions by 1.31
0.34 mM/liter (P < 0.001) in controls and by 1.88 0.50 mM/liter
(P < 0.001) in post-obstructed animals. When animals receiving
phosphate containing infusions were compared to those receiv-
ing non-phosphate containing infusions, their average increase
in serum phosphorus was 0.68 0.97 mM/liter in controls and
1.68 1.07 mM/liter in post-obstructed animals. When ammo-
nium chloride was part of the infusion there was an average
decrease in serum total CO2 of 5 3 mEq/liter (P < 0.001) and
an increase in serum chloride of 7 6 mEq/liter (P <0.001) in
controls, and an average decrease of total CO2 of 5 4 mEq/
liter (P < 0.001) and an increase in serum chloride of 13 12
mEq/liter in post-obstructed animals compared to animals
where infusions do not contain ammonium chloride.
In order to define the effect that the post-obstructed renal
tubule has on solute excretions independent of excessive solute
loads, water-fed controls were compared to water-fed post-
obstructed rats, the clearances in each being obtained with
normal saline or D5W as the infusate (Table 3). The post-
obstructed kidney has a reduced glomerular filtration rate and
effective renal plasma flow with preservation of the filtration
fraction. It excreted a urine of greater volume and lower
osmotic content, resulting in an increased free water clearance.
The post-obstructed kidney given a saline infusion quantita-
tively excretes more absolute amounts of sodium, calcium,
magnesium and sulfate than does a normal kidney under similar
conditions of hydration. Fractional excretions for sodium,
calcium, magnesium and sulfate are also all increased in the
post-obstructed kidney. When D5W was infused, the post-
obstructed kidney had an increased absolute excretion rate for
magnesium and an increased fractional excretion for sodium,
magnesium, phosphorus and sulfate.
The effect of various diets on urinary solute excretion was
determined in animals with normal renal function and those
with distal tubule dysfunction created by relieved ureteral
obstruction (Tables 4 and 5). The results of these experiments
show that a modest oral acid load as ammonium chloride
increases urinary magnesium excretion in control animals. It
does not significantly alter the urinary calcium excretion rate in
kidneys with normal or impaired tubular function as a result of
obstructive uropathy, however. Neither does an oral phosphate
load in the presence or absence of an acid challenge signifi-
cantly alter calcium excretion in normal or post-obstructed
kidneys. When dietary sulfate is combined with ammonium
chloride, however, there is a marked increase in both controls
and post-obstructed animals in absolute and fractional excre-
tions of sulfate, calcium and sodium. Post-obstructed animals
demonstrate increased absolute excretions of calcium when
sulfate is administered alone in the diet. The filtered loads of
sulfate for controls and post-obstructed animals are similar
whether or not ammonium chloride is added to dietary sodium
sulfate (0.395 0.080 vs. 0.367 0.053 p.M/minll00 g body wt
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Table 2. Serum values for control ra ts (C) and post-obstructed rats (P0) receiving various diets (avg. SD)
Na K Cl Total CO2
mEqilirer mEq/lirer mEq/liter mEqiliter
C P0 C P0 C P0 C P0
No Adds. 147 5 141 2 4.8 0.7 5.1 0.7 101 3 98 3 30 3 30 I
N = 10,6
NH4CI 144 10 136 8 4.4 0.6 4.6 0.3 103 3 102 2 27 2 28 2N = 6,6
Na2SO4 139 3' 142 6 4.7 0.6 5.0 0.6 — 97 4 29 2 30 2N = 6,8
Na2SO4 + NH4CI 139 5b 142 3 4.6 0.5 5.1 0.5 99 3 100 1 26 1" 26 4N = 6,7
NaH2PO4 142 3 144 5 4.8 0.9 5.2 0.3 101 2 99 1 30 2 30 1N = 7,5
NaH2PO4 + NH4CI 144 4 143 4 4.7 0.6 5.4 0.4 101 2 — 26 2C 28 4N = 8,6
Na2HPO4 145 7 145 4b 5.4 0.5 5.1 0.4 — 98 4 31 1 29 3N = 5,5
Na2HPO4 + NH4CI 144 10 145 3C 4.7 0.7 5.3 0.6 102 3 102 3" 27 2" 26 2CN = 7,8
Various dietary groups are compared to a corresponding group of rats which received no dietary additives: P < 0.05, b p < 0.01, C P < 0.001.
Table 2. Continued
Ca
mg/dl
Mg
mEq/liter
P
mM/liter
SO4
mM/liter
C P0 C P0 C P0 C P0
10.2 0.9 10 0.8 1.9 0.6 2.0 0.3 2.5 0.3 2.4 0.2 0.14 0.04 0.21 0.12
11.2 05b 9.6 0.5 1.8 0.2 2.1 0.1 3.1 Ø4l 2.8 0.6 0.19 0.05 0.23 0.03
9.6 0.2 9.8 1.1 1.8 0.4 2.0 0.4 2.6 0.3 2.8 0.9 0.16 0.01 0.38 0.23
10.2 1.1 9.9 0.8 1.6 0.1 2.0 0.9 3.6 0.4C 2.9 1.2 0.21 003b 0.47 0.19"
9.6 1.0 9.6 0.5 1.5 0.6 1.8 0.2 2.3 0.3 2.2 0.2 0.18 0.02 0.21 0.05
9.4 0.6a 8.6 07b 1.6 0.1 1.6 0.6 3.1 0.5" 2.4 0.3 0.16 0.03 0.19 0.02
9.5 1.0 9.1 1.1C 1.9 0.2 1.8 0.la 2.6 0.1 2.9 1.3 0.20 0.07 0.24 0.08
10.1 0.3 8.5 13b 1.7 0.1 1.9 0.2 2.7 0.5 2.8 0.7 0.19 0.04 0.23 0.05
for controls; 0.349 0.125 vs. 0.296 0,053 M/min/lOO g body
wt for post-obstructed animals). However, the sulfate excretion
rate for both control and post-obstructed animals is significantly
elevated when ammoniuni chloride is added to dietary sulfate.
The sulfate excretion rate for animals given sodium sulfate plus
ammonium chloride is significantly elevated in controls and
post-obstructed animals, both when it is compared to water-fed
animals (P < 0.01, control; P < 0.01, post-obstructed) and
when it is compared to animals fed sodium sulfate without the
addition of ammonium chloride (P < 0.01, control; P < 0.05,
post-obstructed). The increased sulfate excretion rates are also
correlated with increased sodium and calcium excretion rates
(Tables 4 and 5). In summary, sulfate, in sufficient loads, results
in renal calcium and sodium wasting in both control and
post-obstructed animals, whereas phosphate loading in the
concentrations administered has no effect on calcium excretion.
Sulfate excretion appears to be particularly enhanced when
ammonium chloride is administered with sulfate in the diet.
Sulfate excretion rates are markedly increased with the addition
of ammonium chloride in the diet even though filtered loads of
sulfate are no different.
The solute infusion experiments further elucidate the effect
that sulfate has on increasing calcium excretion. Ammonium
chloride infusion had no detectable effect on renal calcium
excretion. The addition of ammonium chloride to the sulfate
infusion caused a minimal increase in sulfate excretion but no
further increase in the excretion of sodium, calcium or magne-
sium (Tables 6 and 7). This further confirms the observation
that, at this concentration, ammonium chloride has a small
effect on renal sulfate excretion and has no direct effect on renal
calcium metabolism. This finding appears to be true in both the
controls and post-obstructed animals. As in the dietary exper-
iments, the administration of various phosphate salts caused
increased phosphate excretions but had minimal, if any, effect
on sulfate, magnesium, or calcium excretions.
The effect that sulfate has on calcium excretion is not due to
the sodium load administered with the anion, as similar in-
creases in sodium, calcium and magnesium excretion occurred
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Table 3. Serum and urine data, clearance and urine excretions for control and post-obstructed rats fed a regular diet obtained with either
normal saline or dextrose 5% in water as the infusate (avg. su)
Saline infusion N = 65 D5W infusion N = 16
Control Post-obstructed P < Control Post-obstructed P<
Serum
Na mEq/liter 149 6 149 6 NS 133 2 134 I NS
K mEqiliter 3.3 0.6 3.8 0.4 0.001 3.9 0.2 4.2 0.5 NS
Cl mEqlliter 114 6 111 6 0.02 100 3 106 12 NS
CO2 mEqiliter 26 3 23 5 0.01 21 2 22 2 NS
Ca mg/dl 8.5 0.9 8.8 1.0 NS 8.8 0.5 8.5 0.7 NS
Mg mEqlliter 1.35 0.39 1.60 0.52 NS 1.6 0.1 1.6 0.2 NS
P mM/liter 2.0 1.4 4.1 2.3 NS 2.1 0.3 2.0 0.1 NS
SO4 mM/liter 0.19 0.06 0.23 0.11 NS 0.17 0.04 0.19 0.04 NS
Cr mg/dl 0.4 0.1 0.8 0.3 0.001 0.5 0.2 0.9 0.3 0.02
Osm mOsm/kg 307 5 338 12 0.001
Urine
V d/min/1OO g 3.4 0.6 7.8 3.1 0.001 2.5 0.6 4.4 1.8 0.02
Osm mOsm/kg 1205 193 603 234 0.001
Clearances
C1 ml/min/JOO g 0.47 0.09 0.24 0.08 0.001 0.39 0.07 0.23 0.05 0.001
CPAH ml/min/100 g 1.42 0.27 0.61 0.29 0.001 1.42 0.27 0.61 0.29 0.001
CH20 ml/min/100 g —0.010 0.001 —0.006 0.003 0.01
Excretion rates
UNaV gEq/min/IOOg 0.283 0.187 0.459 0.259 0.005 0.032 0.014 0.045 0.022 NS
UcaV /.LM/min/IOO g 0.004 0.002 0.009 0.006 0.001 0.001 0.001 0.001 0.002 NS
UMgV p.Eq/min/100 g
UV /SM/minhlOO g
0.062 0.025 0.123 0.043 0.001 0.033 0.025 0.067 0.028 0.02
0.163 0.103 0.147 0.088 NS 0.027 0.039 0.064 0.044 NS
U504V /M/minhIOO g 0.030 0.011 0.041 0.017 0.005 0.023 0.028 0.025 0.016 NS
Fractional excretions
FENa 0.53 0.44 1.50 1.04 0.001 0.06 0.03 0.16 0.09 0.02
FEca 0.93 0.64 5.02 6.48 0.004 0.15 0.09 0.74 1.13 NS
FEMg 17.2 7.6 62.8 28.8 0.001 9.4 6.2 31.7 13.1 0.001FE 25.9 17.9 16.6 12.3 0.03 3.1 3.7 14.0 9.4 0.013
FEB04 37.3 18.4 80.7 47.3 0.001 15.4 11.3 58.1 29.4 0.004
Table 4. Glomerular filtration rate and urine excretions for control rats fed various diets (avg. sD)
Diet
C1 UNaV FENa UcaV FEca
m!/min/100 g pEq/min/100 g % pMImiflhJOO g %
No Adds. 0.59 0.14 0.188 0.099 0.22 0.09 0.0025 0.0012 0.34 0.15
N = 10
NH4C1 0.60 0.09 0.131 0.051 0.17 0.05 0.0029 0.0020 0.40 0.32N= 6
Na2SO4 1.02 0.45a 0.192 0.057 0.15 0.07 0.0022 0.0007 0.20 0.10N= 6
Na2SO4 0.64 0.07 0.393 0.085" 0.43 010b 0.0120 0.0026' 1.62 0.52C
NH4CI, N = 6
NaH2PO4 0.60 0.09 0.277 0.090 0.36 0.12a 0.0036 0.0016 0.58 0.2lN= 7
NaH2PO4 0.68 0.16 0.327 0.089" 0.35 0.14 0.0044 0.0031 0.60 0.32
NH4CI, N = 8
Na2HPO4 0.75 0.32 0.126 0.027 0.13 0.04 0.0012 0.0011 0.12 006bN= 5
Na2HPO4 0.63 0.16 0.244 0.109 0.30 0.13 0.0037 0.0031 0.42 0.38
NH4CI, N = 7
Groups with various dietary additives are compared to control group with no additive: a p < 0.05, b p < 0.01, P <0.001.
in controls when sulfate was administered as the potassium salt mean filtered load of sulfate for post-obstructed animals receiv-
(Table 8). In post-obstructed animals infused with potassium ing potassium sulfate (0.390 0.076 sM/min/100 g body wt) as
sulfate, although there was an increase in sodium, calcium and compared to those receiving sodium sulfate infusions (0.551
magnesium excretions, the increased excretions were neither 0.155 sM/flMnhlOO g body wt; P < 0.01). These differences are
statistically significant nor of similar magnitude when compared presumably due to experimental variability in recovery of renal
to controls or post-obstructed animals receiving sodium sulfate function after relief of obstruction.
infusions (Tables 7 and 8). This is probably due to the decreased To demonstrate the relationship between the various solute
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Table 4. Continued
UMSV FEMg U,V FE U0 V
Diet p..Eq/min/100 g M/min/1O0 g % /zM/min1OO g
FE504%
No Adds. 0.038 0.020 5.9 1.6 0.099 0.090 5 4 0.043 0.040 24 13
N = 10
NH4CI 0.100 0.019" 16 5" 0.078 0.069 5 5 0.040 0.020 36 9N=6
Na2SO4 0.036 0.005 3.8 1.2 0.032 0.038a I 2 0.058 0.024 41 22N=6
Na2SO4 0.123 0.023" 20 4" 0.126 0.083 5 3 0.101 0,012b 84 14"
NH4CI, N = 6
NaH2PO4 0.073 0.053 14 6" 0.103 0.037 8 4 0.034 0.016 33 15N= 7
NaH2PO4 0.097 0.038" 15 5" 0.190 0.046 10 5 0.043 0.018 43 23
NH4CI, N = 8
Na2HPO4 0.028 0.003 4.1 0.8 0.057 0.033 4 2 0.058 0.057 39 21N= 5
Na2HPO4 0.101 0.040" 18 5" 0.155 0.041 10 5 0.034 0.013 32 6
NH4CI,N=7
Table 5. Glomerular filtration rate and urine excretions for post-obstructed rats fed various diets (avg. SD)
C1, UNaV FENa UCaV FEca
Diet ml/minflOO g p.Eq/min/100 g % LM/min/1OO g %
No Adds., N = 6 0.22 0.13 0.337 0.180 0.91 0,55 0.0040 0.0021 1.8 1.0
NH4CI, N = 6 0.27 0.10 0.167 0.155 0.53 0.61 0.0038 0.0029 2.2 1.7
Na2SO4 N = 8 0.30 0.09 0.610 0.222a 1.53 0.71 0.0111 O.0076a 3.1 2.1
Na2SO4 NH4CI, N = 7 0.27 0.09 0.598 0.230a 2.02 l.lOa 0.0131 O.0094a 4.5 2.sa
NaH2PO4 N 5 0.29 0.14 0.325 0.229 0.83 0.50 0.0035 0.0023
NaH2PO4 NH4CI, N = 6 0.22 0.11 0.186 0.067 0.73 0.53 0.0011 0.0004
1.1 0.7
0.5 0.3"
Na2HPO4 N = 5 0.21 0.15 0.465 0.173 1.80 0.74 0.0039 0.0012 2.2 1.4
Na2HPO4 NH4CI, N = 8 0.22 0.08 0.531 0.239 1.52 0.53 0.0027 0.0016 1.3 0.7
Groups with various dietary additives are compared to control group with no additive: a p < 0.05, b p < 0.01, "P < 0.001.
Table 5. Continued
UMgV FEMg U,V FE U0 V
p.Eq/min/JOO g % /.M/min/IOO g % M/min1O0 g
FE504
%
0.089 0.054 28 lj 0.132 0.060 29 24 0.042 0.0180.077 0.059 18 0.078 0.064 II 10 0.029 0.023 60 3451 49
0.098 0.061 84 40" 0.095 0.058 14 4 0.067 0.031 59 16
0.103 0.065 39 30 0.090 0.052 15 11 0.119 0.048" 119 35b
0.058 0.033 18 6 0.190 0.130 30 18 0.041 0.021 85 34
0.038 0.034 17 4 0.166 0.063 32 29 0.046 0.017 65 16
0.105 0.056 51 14 0.384 0.045" 64 17 0.060 (1.009 62 28
0.078 0.028 29 9 0.299 0.063" 50 13 0.045 0.014 89 20
loads, comparisons among each group were made by least
square regression. These comparisons revealed a significant
correlation consistent among the four groups (dietary, post-
obstructed and controls, and intravenous, post-obstructed and
controls) between sodium excretion rates and calcium excretion
rates (Figs. I and 2) and between filtered loads of sulfate and
sodium excretion rates (Figs. 3 and 4). The relationship be-
tween the filtered load of sulfate and sodium excretion appeared
to be similar in both control and post-obstructed animals. At
any given level of sodium excretion, however, post-obstructed
animals tended to excrete increased amounts of calcium com-
pared to controls. There was also a significant correlation
between sulfate excretion rate and sodium excretion rate (r2 =
0.65, P < 0.001 for controls; r2 = 0.61, P < 0.001 for
post-obstructed animals).
Discussion
The mechanism of renal calcium wasting in patients with
urinary intestinal diversion has not been previously elucidated.
The results of this study in patients and previous studies in
animals Il, 8] suggest that an excessive loss of calcium can
occur in the absence of a severe systemic acidosis. Alterations
in magnesium metabolism in urinary intestinal diversion are less
common, but on occasion can be severe [9]. The mechanisms
responsible for these abnormalities and the reason why some
patients are affected while others are not are not known.
Previous reports have demonstrated increased serum sulfate in
these patients [1]. Sulfate loads have been shown to have a
pronounced calciuric effect even in the presence of hypocalce-
mia [18]. Analysis of serum data from patients in this study
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Table 6. Differences between saline and various solute infusions in glomerular filtration rate and urine excretions for control rats (avg. sD)
Solute
C1fl
j.d/min/100 g
MJNaV
p.Eq/min/IO0 g
FENa
%
1Ca'
12M /min/I0O g
Saline, N = 6
NH4CI, N = 6
Na2504, N = 8
Na2SO4, NH4CI, N = 8
NaH2PO4, N = 6
NaH2PO4 NH4CI, N = 6
Na2HPO4, N = 6
Na2HPO4 NH4CI, N = 6
60 100
100 120
30 140
60 70
100 110
50 40
100 60
150 80
0.250 0.321
0.361 0.300
1.534 0.876a
1.293 0.551"
0.218 0.149
0.556 0.177
0.202 0.264
0.387 0.388
0.3 0.5
0.3 0.3
1.7 0.6"
1.7 0.7"
0.2 0.1
0.4 0.1
0.2 0.5
0.2 0.7
0.0012 0.0017
0.0022 0.0014
0.0168 00087b
0.0140 0.0091
—0.0008 0.0011
0.0031 0.0010
0 0.0038
0.0013 0.0030
Values are positive when solute infusions result in excretions which exceed saline infusions. Solute infusions are compared to groups with saline
infusions: a p < 0.05, b p < 0.01, C P < 0.001.
Table 6. Continued
LFEa
% UMgVpEq/min/100 g
FEMS% USO4VpM/min/IOO g
FESO4%
AUV
/iM/!flifl/100 g
0.06 0.7 0.025 0.046 7.3 14 0.009 0.011 14 25 0.077 0.071
0.8 0.2 —0.015 0.039 —2.5 7.8 0.002 0.016 1.0 8.4 0.005 0.048
4.7 2.5" 0.001 0.026 —1.5 8.7 0.197 0106b 57 23C 0.012 0.110
3.6 2.1 0.023 0.047 5.8 10 0.223 0.045c 63 10b 0.007 0.166
—0.3 0.6 0.025 0.016 11 4.9 0.017 0.001 20 3 0.273 0.088a
0.4 1.2 0.003 0.032 —3.8 5.3 0.003 0.015 2.3 8.5 0.382 0.091"
—0.1 0.9 0.030 0.056 4.7 10 0.007 0.019 4.2 13 0.497 0.114"0 1.0 0.015 0.016 6.0 10 0.005 0.009 —4.5 14 0.455 0.099C
Table 7. Differences between saline and various solute infusions in glomerular filtration rate and urine excretions for pos
SD)
t-obstructed rats (avg.
LUNaV LFENa MJCa'1
Solute j.u'/min/IOO g ,uEq/min/100 g % pM/min/I0O g
Saline, N = 5 48 40 0.421 0.199 0.8 0.2 0.0036 0.0042
NH4C1, N = 6 38 73 —0.068 0.506 0.1 1.3 0.0030 0.0061
Na2SO4, N = 6 —2 79 0.848 0.244a 2.4 09b 0.0161 0.0099a
Na2SO4 NH4C1, N = 6 62 86 0.910 0252 2.4 0.9" 0.0166 00025b
NaH2PO4, N = 6 —25 88 0.221 0.406 1.1 1.2 0.0011 0.0053
NaH2PO4 NH4CI, N= 6 —17 35 0.344 0.370 1.0 0.9 0.0024 0.0029
Na2HPO4, N = 6 12 68 0.475 0.349 2.0 1.6 0.0042 0.0059
Na2HPO4 NH4CI, N=6 10 44 0.55 I 0.301 1.2 0.6 0.0035 0.0049
Values are positive when solute infusions result in excretions which exceed saline infusions.
Solute infusions are compared to groups with saline infusions: a P < 0.05, b p < 0.01, C p < 0.001.
Table 7. Continued
UMSV FEMg LUso4V FESO4
p.Eq/min/100 g % M/minhiO0 g %
LUpV
ILM/min/100 g
1.3 0.7 0.009 0.016 —3.2 6.1 0.001 0.005 —1.0 9.1 0.084 0.036
1.1 6.3 0 0.041 3.1 20 —0.015 o.oIla —9.6 26 0.017 0.087
4.6 I.8 0.009 0.036 0.3 39 0.147 0.054C 41 1OC 0.033 0.066
3.7 l.6a 0.079 0.062 52 69 0.179 0.047C 55 26" 0.150 0.034a
0.7 1.7 —0.028 0.033 34 80 0.023 0.036 157 145 0.172 0.174
1.3 0.9 —0.006 0.034 1.9 24 0.016 0.017 61 80 0.216 0.178
0.6 2.4 0.011 0.022 28 105 0.001 0.002 44 123 0.169 0.079
1.1 0.9 0.003 0.030 5.4 17 0.028 0.OIT 60 27" 0.288 0.056"
reveals a significantly elevated serum chloride and sulfate and a
mildly depressed total CO2 in those with urinary diversions
through intestine. The data on these patients should not be
misconstrued as a comparison of ileal and colonic urinary
diversions, as the patients with colonic diversions generally had
large capacity urinary reservoirs and the patients with ileal
diversions all had simple cutaneous urinary conduits. Thus,
surface areas of intestine were very different in the two groups.
In the animal experiments, studies were designed to define
the role of sulfate and a mild acid load, both singly and together,
on renal calcium and magnesium homeostasis. Since sulfate
loading has been shown to result in hypercalciuria in man [19],
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Table 8. Differences in glomerular filtration rate and urine excretions between 5% dextrose in water and potassium sulfate infUsions (avg;
so)
Control N = 6 Post-ohstructed N = 10
D5W K2S04 P< D5W K2S04 P<
iC1,, jJ/min/1O0 g 23 132 82 171 NS —38 54 23 62 NS
AUNaV —0.001 0,019 0.263 0.104 0.002 0 0.006 0.12 0.13 NS
Eq/min/1OO g
AFENa % 0.0 0.10 0.40 0.10 0.001 0.08 0.09 0.22 0.41 NS
AUcaV —0.0001 0.0003 0.0092 0.0008 0.001 0.0002 0.0002 0.0032 0.0050 NS
/xM/min/100 g
LIFEca % —0.1 0.1 2.6 0.8 0.001 0.3 0.3 2.6 1.5 0.015
LUMgV
Eq/min/l0O g
0.009 0.026 0.079 0.041 0.023 0.036 0.017 0.007 0.046 NS
LFEMg%U0 V
/LMlmin/100 g
1.8 5.2
—0.005 0.006
16 7
0.216 0.017
0.015
0.001
3.5 3.2
—0.001 0.013
2.6 12
0.149 0.063
NS
0.001
FESO4%UV
—1.9 5.0
0.003 0.028
71 21
0.003 0.027
0.001
NS
—1.8 5.0
0.006 0.047
53 33
—0.013 0.038
0.009
NS
/SM/min/100 g
FEp% 0.2 1.9 1.3 2.5 NS 1.2 8.5 4.3 8.7 NS
a Positive integers indicate values for the K2S04 infusion which exceeded the D5W infusion.
0
>
Fig. 1. Calcium excretion as a function of
sodium excretion in contrc,ls fed the various
diets and given the solutes intravenously
95% confidence limits (y = 0.009x, r2 = 0.85).
and since an acidosis is known to result in excessive renal
calcium wasting and alterations in magnesium reabsorption, a
study of these ions in the context of urinary diversion seemed
appropriate.
It has been suggested that the mechanism of sulfate's effect
on calcium is that it complexes with calcium in the tubule,
making it unavailable for transport [201. Excessive hydrogen
loads are thought to interfere with calcium and maghesium
transport in the thick ascending limb and distal tubule [211.
Since most patients with urinary intestinal diversion are only
mildly acidotic; the animals in the present investigation were
given ammonium chloride loads which did not result in a severe
systemic acidosis but which were thought to simulate quantita-
tively and qualitatively what is absorbed by intestine through
which urine flows. Obstruction and distal renal tubule damage
are commonly associated with urinary intestinal diversion;
therefore, the significance of this injury and its contribution to
the electrolyte imbalance of intestinal diversion was also stud-
ied. Although the post-obstructed kidney has impaired acid
secretion and increased fractional excretion for calcium and
magnesium, the absolute amounts excreted are not large and
are probably not sufficient to effect significant alterations in
either calcium or magnesium homeostasis (Table 3). However,
when solute loads of u1fate are presented to the normal or
post-obstructed kidney, excretion rates for calcium and sodium
increase by major proportions (Tables 4, 5. 6 and 7) such that at
these levels significant alterations in calcium homeostasis are
possible.
The increased systemic load of sulfate and hydrogen ions
which occur when intestinal segments are used to reconstruct
the urinary tract was simulated by providing these solutes to the
intestine via the drinking water. An increased load of phosphate
both as the monohydrogen and as the dihydrogen salt was
administered because of phosphate's intimate relationship to
UVNA
.2
>
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Fig. 2. Calcium excretion as a function of
sodium excretion in obstructed animals fed
the various diets and given the solutes
intravenously 95% confidence limits (y =
0.02x, r2 = 0.80).
Fig. 3. Sodium excretion as a function of
filtered load of sulfate in controls fed the
various diets and given the solutes
intravenously confidence limits (y =
—0.3 + 2.Ix, r2 = 0.74).
calcium metabolism and since increased intestinal absorption is
likely. From these studies, it is clear that a substantial calcium
loss occurs when the kidney is presented with an increased
sulfate load. Sulfate increases fractional and absolute urinary
calcium excretions and also increases fractional and absolute
excretions for sodium (Tables 4, 5, 6 and 7). Since ammonium
chloride in the dose given as an intravenous load did not alter
fractional or absolute excretions for calcium in either the
control or post-obstructed animals, it is unlikely that the mild
acidosis produced by this degree of hydrogen loading plays a
direct role in renal calcium metabolism. Previously reported
animal models have also suggested that acidosis alone is not
responsible for these abnormalities. Ammonium chloride did
not significantly affect filtered load of sulfate but did signifi-
cantly increase sulfate excretion when administered concomi-
tantly with sulfate in the diet (Tables 4 and 5). In addition, there
was an associated increased absolute and fractional excretion of
sodium and calcium. This cannot be explained by the additional
sodium load provided by the administration of sulfate as the
sodium salt. Similar calcium excretions were not observed
when identical sodium loads combined with other anions were
given both orally or intravenously. Furthermore, when sulfate
is administered as the potassium salt, sodium and calcium
excretions are significantly elevated in both controls and post-
obstructed animals. The increased sulfate load then is respon.
sible for interfering with calcium and sodium reabsorption in the
renal tubule. Serum sulfate concentrations were significantly
increased when dietary sodium sulfate was combined with
amrnonium chloride (Table 2). The ammonium chloride acidosis
is responsible for enhancing the absorption of sulfate by the
intestinal segment. This is supported by previous studies in
which ileal segments demonstrated intestinal urinary sulfate
absorption only when ammonium chloride was administered
intravenously [9]. Moreover, membrane vesicles from ileal
brush borders increase their transport of sulfate in the presence
of hydrogen ion [221. Thus sulfate increases sodium and calcium
C-,
>
0.04-
UVNa
0.7
FL504
Fig. 4. Sodium excretion as a function of filtered
load of sulfate in obstructed animals fed the various
diets and given the solutes intravenously 95%
confidence limits (y = 0.19 + 1.42x, r2 0.69).
excretion, whereas ammonium chloride has only a small effect
on increasing sulfate excretion and no effect on calcium and
sodium excretion. Rather, ammonium chloride appears to exert
an effect by enhancing intestinal absorption of sulfate, It is also
possible that ammonium chloride exerts an effect on renal
sulfate excretion only when administered on a chronic basis.
This would provide an alternative explanation for the discrep-
ant effects of ammonium chloride on sulfate excretion admin-
istered orally or intravenously.
A sodium diuresis increases calcium excretion [23]. This
effect was demonstrated in both post-obstructed and control
animals. When sodium excretion rates are compared to calcium
excretion rates in either control or post-obstructed groups
receiving dietary or intravenous solutes, there is a significant
correlation in all groups (Figs. 1 and 2). Post-obstructed animals
excrete increased amounts of calcium for any given level of
sodium excretion. These experiments also show that in all
groups, there is a highly significant correlation between the
filtered loads of sulfate and sodium excretions (Figs. 3 and 4).
Sulfate, administered as the potassium salt, exhibits a much
more pronounced effect on solute excretion in controls than in
post-obstructed animals. Control animals exhibit a significantly
increased sulfate, sodium, and calcium excretion in response to
potassium sulfate infusion. Post-obstructed animals, however,
exhibit increased sulfate, sodium and calcium excretions, but
only sulfate was found to be significantly elevated. This may be
due to variability in tubule and glomerular function in these
damaged kidneys and most likely reflects decreased delivery of
sulfate, as the filtered load of sulfate in the potassium sulfate
infusions is significantly less than in the sodium sulfate-infused
animals.
Serum parathormone and vitamin D concentrations were not
measured in these experiments. We cannot determine for
certain if parathormone played a role in the observed alterations
without its direct measurement, but a dominant role for it in
renal sulfate metabolism seems unlikely. The elevated serum
phosphate which occurred when ammonium chloride was com-
bined with sodium sulfate could result in stimulation of para-
thormone release with adverse effects on bone metabolism. It is
unlikely, however, that such a stimulation of parathormone
accounts for the observed effect of sulfate. In both the dietary
and intravenous groups, phosphate loading and increased se-
rum phosphorus concentrations, which are known to stimulate
parathormone secretion, did not result in alterations of calcium
metabolism of similar magnitude to what was observed with
sulfate administration alone. Parathormone also did not appear
to play a significant role in magnesium metabolism as evidenced
by the phosphate loading experiments. Phosphate loading did
not result in significant alterations in magnesium excretion in
the absence of an acid load and did not prevent magnesium loss
when given in conjunction with the acid load (Tables 4, 5, 6 and
7).
Vitamin D enhances bone reabsorption and intestinal absorp-
tion of calcium. This study addressed renal handling of calcium;
therefore, vitamin D concentrations do not seem germane to the
renal defect occurring in intestinal diversion, although it could
play a significant role in ameliorating or exacerbating the renal
defects by its action on bone and gut. The elevated serum
phosphorus in patients with intestinal diversions and in rats fed
ammonium chloride and sodium sulfate could result in suppres-
sion of renal vitamin D metabolism, thus contributing to abnor-
malities in bone mineral metabolism. This is beyond the scope
of this paper.
In these experiments, observations from the control rats
receiving the various diets and infusions indicate that there is a
significant increase in magnesium excretion when an acid load
is provided (Tables 4 and 6). An acid load in the postobstructed
kidney has very little effect on magnesium excretion rates
(Tables 5 and 7). This would indicate that in patients with
intestinal diversions who have even a mild hyperchloremic
metabolic acidosis and possess normal kidneys, the abnormal
magnesium loss is due to the increased acid load presented to
the kidney which interferes with magnesium transport. How-
ever, in patients who have renal tubule damage due to obstruc-
tion or infection, renal magnesium loss, which is already
increased, is unaffected further by the additional acid load. In
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the post-obstructed animal, the abnormal magnesium excretion
is mild and is observed to occur only under circumstances of
increased sodium and calcium excretion in the presence of
excessive sulfate.
In summary, this study proposes a mechanism for renal
calcium and magnesium wastage in patients with urinary diver-
sion through intestinal segments. Urinary diversion through
intestine results in a chronic ammonium chloride acidosis.
Urinary sulfate is reabsorbed by intestinal segments in the
urinary tract, and this phenomenon appears to be increased
when acid, as ammonium chloride, is present in the urine.
Chronic sulfate absorption results in an increased filtered load
of sulfate in the kidney and inhibition of calcium and sodium
reabsorption. Renal tubule injury from obstruction enhances
the effects of sulfate on sodium and calcium excretion. Sulfate
does not appear to be a prominent factor in renal magnesium
wastage. Magnesium excretion is enhanced by ammonium
chloride acidosis in the normal kidney and by tubule injury due
to obstruction. The increased magnesium loss in the post-
obstructed kidney is unaffected by the ammonium chloride
acidosis.
Reprint requests to W. Scott McDougal, M.D., Department of
Urology, D-4314 Medical Center North, Vanderbilt University School
of Medicine, Nashville, Tennessee 37232, USA.
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